This year marks the essential completion of the genome sequences of soybean (Glycine max), barrel medic (Medicago truncatula), and birdsfoot trefoil (Lotus japonicus). The impact of these assembled, annotated genomes will be enormous. Birdsfoot trefoil and barrel medic, both forage crops, are the preeminent laboratory plants used in legume research. Monetarily, soybean is the most valuable protein and edible oil crop in the world, and serves as a model for seed and other developmental processes. These genome sequences contain the vast majorities of gene and regulatory sequences for these plants, as well as information about evolutionary histories over the approximately 54 million years (Mya) since their common ancestor. These genome sequences are made more useful by virtue of the ability to compare between the genomes, and to transfer information from these biological models to other crop species and vice versa. This review will describe the basic characteristics of the sequenced legume genomes, and will highlight examples, opportunities, and challenges for translational genomics across the legumes.
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TRANSLATIONAL GENOMICS IN THE LEGUMES
Considering the large number of domesticated legume species (for review, see Graham and Vance, 2003) , the potential for translational genomics may be greater in the legumes than in any other plant family. By virtue of their symbiotic associations with nitrogenfixing bacteria, many of legumes produce seeds unusually rich in protein and oil, as well as a range of secondary metabolites. The relative abundance available of nitrogen for legumes lessens a key constraint that plants face, and arguably increases their chances of adapting in more challenging environments. Examples include drought-tolerant Acacia or Prosopis species (e.g. honey mesquite [Prosopis glandulosa]) in desert ecosystems, or tuberous-rooted Psoralea species (e.g. breadroot [Psoralea esculenta]) in the dry North American short-grass plains, or the cold-hardy alpine Lupinus or Astragalus species in alpine or high-desert ecosystems, or the stem-nodulating Sesbania species as green manures around waterlogged rice (Oryza sativa) paddies (Table I) .
It is therefore not surprising that humans in every environment have explored and partially domesticated many species of legumes. Hence, there are many crop and fodder species that could benefit from modern breeding efforts. In a time of rapid climate changes, such species may have a role in agriculture of the future due to drought tolerance, water-use efficiency, tolerance of marginal or eroded soils, resistance to diseases and pests, tolerance of waterlogging or flooding, or ability to penetrate compacted soils.
A key rationale for the expensive endeavor of sequencing the genome of a model plant species is that knowledge from that genome can be transferred to a related-and perhaps more genetically intractablecrop species. Three examples illustrate the application of translational genomics in the legumes.
First, Yang et al. (2008) reported the use of barrel medic to map-base clone the RCT1 gene that confers resistance to multiple races of anthracnose (Colletotrichum trifolii) in alfalfa (Medicago sativa). This nicely illustrates the use of a model to investigate a trait that would be difficult to dissect genetically in alfalfa, which is tetraploid and predominantly outcrossing.
Second, information about floral regulatory genes identified in Arabidopsis (Arabidopsis thaliana) was used to find a gene probably responsible for the determinacy trait in common bean (Phaseolus vulgaris; Kwak et al., 2008) . The TERMINAL FLOWER1 (TFL1) mutant in Arabidopsis produces a terminal floral meristem. The ortholog of TFL1 in Phaseolus segregates uniformly with the determinate trait in crosses between vining and bush beans (Kwak et al., 2008) .
Third is the identification of the gene underlying Mendel's I locus, responsible for the traits of yellow or green seed (Armstead et al., 2007) . The stay-green trait was observed and mapped in grass meadow fescue; a candidate gene was then identified in rice by synteny analysis; the mutant in the orthologous gene was then tested for phenotype tests in Arabidopsis; and finally, the orthologous gene was fine mapped in pea (Pisum sativum), in mapping populations segregating for cotyledon color polymorphisms (Armstead et al., 2007) . Thus, traits, genes, tools, and species were marshaled in linking this trait and the underlying gene in several models and crops.
MANY MODELS IN THE LEGUMES
Although Medicago and Lotus are often considered the primary biological models in the legumes, it may be more helpful to think of many models, each making critical contributions to a body of knowledge about legumes as a semiunified genetic system. Medicago and Lotus will serve as effective models for the cool-season legumes (Young and Udvardi, 2009 ) and soybean for the many crop species in the Phaseoleae (Gepts et al., 2005) . However, these are not one-way streets, since the crops also inform the genomic models.
For example, Medicago and Lotus have been vigorously utilized in studies of nodulation, mycorrhiza- tion, and plant-symbiont signaling (for review, see Oldroyd and Downie, 2008) . Barrel medic has been used for study of phenylpropanoid and isoflavonoid pathways and secondary metabolites (Farag et al., 2008) , various defense responses (Yang et al., 2008) , root architecture (Gonzalez-Rizzo et al., 2006) , and aluminum tolerance (Chandran et al., 2008) . Soybean has been a model for studies of seed development (for review, see Vodkin et al., 2008) , root hair development and early nodulation responses, mineral uptake, and protein and oil biosynthesis. The garden pea is in some senses the founding model for genetics, through Mendel's work in 1866. Pea has been further developed as a model for development traits such as compound leaf form (Tattersall et al., 2005) , tendril formation (Hofer et al., 2009 ), transposon evolution (Jing et al., 2005) , defense responses (Gao et al., 2004) , starch and sugar synthesis (Barratt et al., 2001) , and hormonal control of shoot branching (Beveridge et al., 2009) . Common bean has been used to characterize the molecular basis of photoperiod sensitivity and determinacy (Kwak et al., 2008) . Scarlet runner bean (Phaseolus coccineus), with its very-large seeds, has been developed as a model to study embryo and seed development (Kawashima et al., 2009 ). The mimosoid legume Mimosa pudica (the sensitive plant), whose leaves and petioles respond to touch by closing (thigmonasty), have been studied to determine the basis for their rapid responses (Uehlein and Kaldenhoff, 2008) . The leguminous tree honey locust (Gleditsia triacanthos) is being used as a model for studying rhizobia in a nonnodulating but nitrogen-fixing species (Lee and Hirsch, 2006) . The nodulating prairie legume partridge pea (Chamaecrista fasciculata) is being studied both as a model of ecological adaptation to climate change (Shaw et al., 2008) and of floral structure (Tucker, 2003) , and to help determine timing of polyploidy early in the legumes (Singer et al., 2009 ).
TAXONOMIC POSITIONS OF THE SEQUENCED AND AGRONOMICALLY IMPORTANT LEGUMES
The ability to transfer knowledge between species depends on both the evolutionary distances between species, and the rate and nature of changes in the genomes over time. The legumes are, in fact, an old family. For reference, the common ancestor of soybean and pea, estimated at approximately 54 Mya (Lavin et al., 2005) , predates by 10 Mya the earliest complete primate fossil, Darwinius masillae (Franzen et al., 2009) . That early small primate lived in a paratropical rainforest already richly populated by leguminous trees (Engelhardt, 1922) .
The legumes are also diverse, with around 20,000 species and 700 genera (Doyle and Luckow, 2003; Lewis et al., 2005) . The legumes have traditionally been placed into the three subfamilies: the Papilionoideae, with approximately 70% of species; the Mimosoideae, with approximately 15%; and the remainder in the Caesalpinoideae-though this last subfamily is now known to be comprised of a collection of early diverging legume taxa (Doyle and Luckow, 2003; Lewis et al., 2005) .
The papilionoid subfamily includes most crop legumes and the major model legume species, and thus is the taxonomic space across which much of legume comparative genomics and translational genomics will take place (Table I ; Fig. 1 ). Most legume species of agronomic interest fall within four large subdivisions in the Papilionoideae: the galegoid, millettioid, dalbergioid, and genistoid clades (Doyle and Luckow, 2003; Lewis et al., 2005) . The papilionoid origin is dated at approximately 59 Mya (Lavin et al., 2005) .
The galegoid clade contains the robinioid clade, with birdsfoot trefoil and several allied forage and tree legumes (including Sesbania, and Robinia, e.g. the black locust tree); and the inverted-repeat-loss clade (IRLC), with barrel medic and the cool-season legumes, including clovers (Trifolium spp.), sweetclovers (Melilotus spp.), vetches (Vicia spp.), pea, chickpea (Cicer Figure 1 . Taxonomic relationships among selected legume genera. Each genus contains one or more food crops, or a genomic model (Medicago, Lotus, Chamaecrista). Approximate inferred speciation dates follow the timings in Lavin et al. (2005) . The phylogeny is after Lavin et al. (2005) and Lewis et al. (2005) . Common names and uses are in Table I. arietinum), fava (Vicia spp.), lentil (Lens culinaris), and alfalfa. The galegoid clade is dated at approximately 51 Mya, and the robinioid and IRLC at approximately 48 and 39 Mya, respectively (Lavin et al., 2005) .
The millettioid clade contains the Phaseoleae tribe, with common beans, soybean, and cowpea (Vigna unguiculata), pigeonpea (Cajanus cajan), mungbean (Vigna radiata), adzuki bean (Vigna angularis), tepary bean (Phaseolus acutifolius), lima bean (Phaseolus lunatus), and hyacinth bean (Lablab purpureus). This clade also has several less widely known genera that have been used for food and probably at least partly domesticated: the African Bambara groundnut (Vigna subterranea) and Hausa groundnut (Macrotyloma geocarpum); jicama (Pachyrizus erosus); American groundnut (Apios americana); and American breadroot or prairie turnip (Pediomelum). The Bambara and Hausa groundnuts are interesting evolutionarily: they have evolved a pod-burying mechanism similar to that seen in the independently evolved trait in peanut (Arachis hypogaea). Similarly, jicama and breadroot have apparently independently evolved root storage organs. All are of agronomic interest because of their high drought tolerance. The millettioid origin is dated at approximately 52.8 Mya (Lavin et al., 2005) , with Phaseolus and Glycine separating at approximately 19 Mya (Lavin et al., 2005) .
The dalbergioid clade contains numerous tropical trees (e.g. rosewood [Dalbergia spp.] ), as well as peanut. The genistoid clade includes many tropical and temperate genera, including lupins (Lupinus spp.), several species of which have been independently domesticated in both the old and new worlds.
Outside of the papilionoid legumes are numerous early diverging clades. The largest of these, the mimosid and allied clades (including some traditionally placed in the caesalpinoid subfamily), includes the genera Acacia, Prosopis, and Parkinsonia-all of which are dominated by drought-tolerant trees and shrubs. Additionally, all include species that have been used for human food and animal fodder. Acacia are key species in African savannas, and Prosopis (e.g. honey mesquite) and Parkinsonia (e.g. paloverde) fill a similar niche in southwestern North American deserts and scrublands. The Illinois bundleflower (Desmanthus illinoensis Michx.) is a North American prairie legume under evaluation as a perennial seed crop (Vail et al., 1992) . The North American prairie legume partridge pea is being used as a model species for investigating evolutionary and developmental patterns in an early diverging legume. Chamaecrista (Singer et al., 2009 ) has traditionally been classified in the caesalpinoid legume subfamily, but now is seen as either part of, or sister to, the mimosoid group, along with several tropical or subtropical legumes that have been used for food or medicine: carob (Ceratonia siliqua) and senna leaf (Senna spp.).
Other remaining early diverging clades with species of agronomic interest are the Detarieae clade, including the Indian tamarind (Tamarindus indica) and sweet detar (Detarium senegalense); and two highly droughttolerant southern African perennials: the nut-producing yeheb nut shrub (Cordeauxia edulis), and the nut-and tuber-producing vine marama bean (Tylosema esculentum). Both the yeheb nut and marama bean have considerable potential as food crops for arid regions (Graham and Vance, 2003) . The marama bean was the secondmost-important plant foots of the !Kung bushmen in the Kalahari, with nutritional qualities similar to peanut and soybean, but thriving in harsh desert conditions (Vietmeyer, 1978) . Similarly, the yeheb nut has been a staple food of nomadic groups in Somalia and Ethiopia.
BASIC CHARACTERISTICS OF THE SEQUENCED LEGUME GENOMES
The estimated size of the soybean genome is 1,115 Mb. The current assembly (Glyma1.01, available at http://www.phytozome.net) consists of 950 Mb in 20 chromosome pseudomolecule sequences, and 23 Mb in additional smaller, unanchored scaffold sequence assemblies (Soybean Genome Sequencing Consortium, http://www.phytozome.net/soybean.php).
An important feature of the soybean genome-one that was known before the sequencing project began, on the basis of marker and cytogenetic information and targeted sequencing-is that the genome underwent polyploidy approximately 13 Mya (for review, see Shoemaker et al., 2006) . Further, soybean and other papilionoid legumes show evidence of an older, shared duplication. The older duplication, dated using a combination of rates of synonymous-site changes (Ks values) and fossil-calibrated species phylogenies in the legumes, is estimated to have occurred at approximately 59 Mya (Pfeil et al., 2005; Schlueter et al., 2007) . These duplications are widely evident, both in the number of highly similar duplicated genes, and in large areas of correspondence (synteny) between chromosomal regions.
The estimated size of the Medicago genome is between 471 and 583 Mb in size (Medicago Genome Sequence Consortium, 2007). The Mt2.0 genome assembly (from 2007) is 240 Mb, excluding between-scaffold gaps. This assembly differs from the soybean genome sequence in that the Medicago Genome Sequence Consortium used a bacterial artificial chromosome (BAC)-by-BAC sequencing approach, and explicitly focused on sequencing the euchromatic chromosome arms. Remaining repetitive sequence has been sampled by lower-coverage high-throughput sequencing. The 3.0 assembly, anticipated for release in late 2009, is 277 Mb and estimated to span 80% of the euchromatin (Nevin Young, personal communication). Smaller assemblies generated by the lower-coverage sample sequencing will also be available though will not be included in the BAC-based pseudomolecules.
The estimated size of the Lotus genome is 472 Mb (Sato et al., 2008) . The Lotus sequencing project is proceeding with a similar strategy as that of Medicago: clone-by-clone, with additional whole-genome shotgun sequence for additional coverage. Total coverage reported for the 1.0 assembly, including both clone-byclone and selected whole-genome shotgun assemblies, was 314.1 Mb, or 67% of the genome size . Considering the clone-by-clone coverage used in the chromosome pseudomolecules and not counting gaps, the coverage is 175 Mb. Coverage in the next assembly is expected to rise to approximately 200 Mb within the pseudomolecules (Shusei Sato, personal communication).
EXTENT OF SYNTENY IN THE LEGUMES
Most genes in a papilionoid legume species are likely to be found within a relatively large (several hundred kb to several Mb) syntenic region with respect to any other given papilionoid species. This is good news for positional cloning: If a gene and phenotype are experimentally associated in one species, then an orthologous gene is likely to be found in a similar neighborhood in another legume species. Between barrel medic and birdsfoot trefoil, for example, approximately 10 large-scale blocks contain the majority of the euchromatic space of each genome (Cannon et al., 2006) . Many of the same blocks are also conserved in peanut (Bertioli et al., 2009 ). However, comparisons of either Medicago or Lotus to themselves show limited synteny (Cannon et al., 2006) , suggesting substantial rearrangement shortly following the early legume polyploidy-an event that probably predated at least the separation of the genistoid (e.g. Lupinus) and millettioid (e.g. bean and pea) clades (Bertioli et al., 2009 ).
SOME SIMILARITIES AND DIFFERENCES AMONG THE GENOMES
The legume genome sequences have uncovered both striking similarities and differences. Since articles are in preparation for each of the genome projects, it is inappropriate to describe the genome features in detail, but several features have been evident from early versions of the assemblies (Cannon et al., 2006; Medicago Genome Sequence Consortium, 2007; Innes et al., 2008; Sato et al., 2008) .
Among the similarities are that gene densities in euchromatic regions are generally similar in the three genomes, despite the relatively large differences in the genome sizes. The genome size differences are due primarily to two factors. First, much of the genomic DNA generated in the 13 Mya Glycine duplication remains. This means that any given Medicago or Lotus region is likely to correspond well with two Glycine regions. In many syntenic regions, the gene densities are similar (within approximately 30%; Mudge et al., 2005; Cannon et al., 2006; Innes et al., 2008 ). The second factor producing different genome sizes is the size of the repeat-rich, gene-poor, recombination-suppressed pericentromeres in the three genomes. In soybean, these are remarkably large, comprising nearly twothirds of the total genome sequence (Schmutz et al., 2009 ).
An intriguing difference between the sequenced legume genomes is that the centromeres do not, in general, appear to correspond. This highlights that the pericentromeric regions are relatively more labile than the euchromatic regions. The pericentromeres are evidently capable of shifting locations, and expanding or contracting. It is not yet clear to what extent shifts of location may be due to breakages or fusions, as opposed to the adoption of new centromere locations within intact chromosomes.
TRANSFORMATIVE TECHNOLOGIES MAKING USE OF GENOME SEQUENCES
The genome sequences of Glycine, Medicago, and Lotus will be important tools for basic research in these species, particularly when combined with other new genomics technologies. Primary among the new genomics technologies are high-throughput sequencing, which enable essentially complete, high-resolution transcriptome characterization and genome resequencing. Other transformative technologies include highly multiplexed mapping techniques, which can produce dense maps in essentially single reactions, and can genotype thousands of cultivars or ecotypes (Rostoks et al., 2006) . The genome sequences and new genomic technologies are enabling more rapid exploration of the broad range of molecular and organismal biology in these species, including diversity characterization, gene and regulatory-site identification, genome structure and change, and plant development and physiology.
High-throughput sequencing technologies facilitate the resequencing of legume species with reference genomes. Both Medicago and soybean have very large resequencing and haplotype map (HapMap) projects under way (N. Young and S. Jackson, respectively, personal communication). Taking the Medicago HapMap project as an illustration, 384 diverse Medicago genetic lines will be resequenced using the Illumina paired-end read sequencing platform. Associationmapping techniques will be used to create a HapMap. An extensive collection of single nucleotide polymorphisms (SNPs) between Medicago lines will enable the prediction of genome segments with shared ancestry. These haplotypes can then be associated statistically with variation in traits of interest.
Next-generation sequencing technologies may have their greatest impact on minor crop or emerging model legume species (e.g. Chamaecrista). Researchers working in legume crops such as chickpea, pigeonpea, common bean, and alfalfa have been early adapters of these technologies with a goal toward understanding population-level genetic diversity and the development of molecular (SNP) markers. In some instances, little or no genomic data exist for these species. A typical experiment involves the establishment of a reference sequence using Roche 454 RNA sequencing of a selected reference plant using a pooled or normalized RNA sample. Populations or cultivars are then characterized through Illumina RNA sequencing. These Illumina sequence reads are aligned to either the 454 reference or to the existing legume genome sequences to determine both genetic diversity and transcript abundance differences between individuals or populations. As a result, informatics databases, such as the Legume Information System (www.comparativelegumes.org), already accommodate short-read DNA sequences and facilitate intra-and interlegume species comparisons.
In essence, what we are witnessing is the democratization of legume genomics. That is, in a matter of weeks and for relatively little cost, individual laboratories alone can provide plant breeders and the scientific community with data resources and research tools that were once reserved for model or major crop species.
WHERE TO GO FROM HERE?
Looking forward at what can and should be done to leverage the investment in the sequencing of the three legume genomes, we reflect on these key areas: basic plant biology; legume evolution and domestication; and plant improvement through better use of translational information, more sophisticated selection methods, and development of hybrids.
The plant biological process that can uniquely be addressed in legumes is nodulation. Many nodulation genes have been cloned in the legumes, but having the entire genome and all the genes for three legumes will allow access to the entire repertoire of nodulationrelated genes. Tools to elucidate function, including insertion lines, RNAi, TILLING, and others, must continue to be developed (see related reports, this issue). In addition to nodulation, soybean seed development and oil biosynthesis can now be dissected at a much higher genetic resolution. It will be interesting to see how these fields unfold in the next few years.
Genome sequences will enable researchers to better understand legume evolution and domestication, and to examine how genes change within a genomic context. Polyploidy is a recurring event in the legumes. Within the Glycine genus, there have been polyploidy events at 59 and 13 Mya; and in some Glycine species, an event at approximately 50,000 years ago . Thus, there is an opportunity to study the effects of polyploidy on genome structure, gene function, and the process of recurrent diploidization. Parallel to evolution is domestication. Many legumes have undergone human domestication, some more than once (Kwak and Gepts, 2009 ). Thus, with three nearly complete genome sequences and others yet to come, we can begin to understand the genomic architecture of domestication and what genes/traits are commonly selected for during domestication (e.g. shattering) versus those that may be particular to certain lineages.
Genome sequences can be leveraged to improve orphan crops. Many legumes are important regional food sources, but investment in genetic and genomic tools is limited-for example, common bean, pigeonpea, cowpea, and lentil (Varshney et al., 2009) . Beyond these species, there are other even less well characterized but worth investigating, such as the drought-tolerant perennial African yeheb nut, or the cold-tolerant Andean "tarwi" lupin (Lupinus mutabilis). However, molecular markers, even gene-based markers, can be developed in reference genomes and then deployed in the related species. For instance, gene-based markers can be developed for pigeonpea using the Medicago genome as a proxy by aligning pigeonpea ESTs to the soybean genome and then develop intron-spanning primers to screen for polymorphisms in pigeonpea. This approach has been used to develop legume anchor markers that have been used in common bean, birdfoot trefoil, barrel medic, and Arachis (Hougaard et al., 2008) , and in six crop or model legume species from the Phaseoleae and galegoid clades (Choi et al., 2006) . Another approach for utilizing genome sequences for orphan crops is to sequence the orphan genome using next-generation sequencing approaches that will not result in referencelevel sequences, but will be able to use the reference genomes (soybean, Lotus, or Medicago) to help assemble or organize the sequence scaffolds.
Crop improvement can also be facilitated with better molecular tools for selection in breeding. Resequencing is a cost-effective approach to find thousands of SNPs that can then be used to develop or integrate genomic selection tools that hold the promise of accelerating breeding programs. In addition, the resolution offered by the vast number of markers from such marker programs allows far more precise backcrossing than before and should temporally accelerate such programs.
Lastly, there is room for substantial legume crop improvement through enhanced understanding of the molecular basis of hybrid vigor. Hybrid vigor is the basis of much of the yield increases in maize (Zea mays) over the last 100 years, and more recently in rice (Garcia et al., 2008) . In legumes, there have been few examples of hybrid vigor in theory or in practice. Pigeonpea is a recent example (Kalaimagal et al., 2008) . Having access to all the genes should allow scientists to begin to understand the basis of hybrid vigor and to begin to exploit it in other species to help meet the global challenge of feeding the world. Other barriers to harnessing hybrid vigor include the challenges of developing male-sterile lines, and managing pollination biology in crops that are insect pollinated. Both have been challenges in soybean (Palmer et al., 2003) . 
CONCLUSION
The legumes are remarkably well positioned in the genomic era. There are three essentially completed genome sequences in species related to large numbers of crops and forages. Extensive genetic and genomic tools have been developed for many crops and models. A great deal of work remains: to characterize more genes and traits, to better determine correspondences across the genomes, and to extend new genomic tools to orphan species. Some of the most critical work does not rely on new high-throughput sequencing or genomic technologies. This includes characterizing and managing germplasm collections and breeding lines in many species; developing mapping populations for various traits of interest in lessstudied species; working with indigenous farmers to ensure that the products of centuries of plant domestication are not lost; investigating protocols for hybrid seed production in various legumes; and working to maintain and develop understudied legumes for use in diverse, challenging growing environments around the globe. With energy supplies diminishing and higher nitrogen prices inevitably following, and the human population rising while the amount of arable land declines or degrades, legume researchers now have both great opportunity and responsibility to help develop crops for a changing world.
